Plant hybrids are extensively used in agriculture to deliver increases in yields, yet the molecular basis of their superior performance (heterosis) is not well understood. Our transcriptome analysis of a number of Arabidopsis F1 hybrids identified changes to defense and stress response gene expression consistent with a reduction in basal defense levels. Given the reported antagonism between plant immunity and growth, we suggest that these altered patterns of expression contribute to the greater growth of the hybrids. The altered patterns of expression in the hybrids indicate decreases to the salicylic acid (SA) biosynthesis pathway and increases in the auxin [indole-3-acetic acid (IAA)] biosynthesis pathway. SA and IAA are hormones known to control stress and defense responses as well as plant growth. We found that IAA-targeted gene activity is frequently increased in hybrids, correlating with a common heterotic phenotype of greater leaf cell numbers. Reduced SA concentration and target gene responses occur in the larger hybrids and promote increased leaf cell size. We demonstrated the importance of SA action to the hybrid phenotype by manipulating endogenous SA concentrations. Increasing SA diminished heterosis in SA-reduced hybrids, whereas decreasing SA promoted growth in some hybrids and phenocopied aspects of hybrid vigor in parental lines. Pseudomonas syringae infection of hybrids demonstrated that the reductions in basal defense gene activity in these hybrids does not necessarily compromise their ability to mount a defense response comparable to the parents.
biomass | hybrid vigor | salicylic acid | auxin | plant defense H ybrid F1 plants are used in agriculture because of their superior performance compared with parental lines in traits such as growth rate, biomass, biotic and abiotic stress resistance, and yield. Increased yield and phenotypic uniformity apply only to the F1 hybrid and not to subsequent generations. An understanding of the molecular basis of hybrid vigor (heterosis) may enable the development of strategies to select better parental combinations, maintain the F1 vigor over successive generations, translate aspects of heterosis into nonhybrid plants, and increase growth and yield enhancements of hybrids.
Arabidopsis (Arabidopsis thaliana) provides a system to study heterosis and different combinations of parents yield different levels of hybrid vigor (1, 2) . We have previously studied the development of F1 hybrids from crosses between C24, Landsberg erecta (Ler), Columbia (Col), and Wassilewskija (Ws) accessions. These F1 hybrids show increased vegetative biomass and seed yield, but differ in their patterns of heterotic growth (3). The differences occur in various developmental traits throughout the growth cycle from embryogenesis through to reproductive architecture and seed production. A key phenotypic difference is the extent of increased cell size and cell number that generate the larger leaves of the hybrids (3) . Developmental differences between hybrids support the idea that the heterotic phenotype can arise through different combinations of altered activity of a number of biological processes (3, 4) .
The heterotic phenotype depends on the expression behavior of genes, with changes in gene expression in the hybrid occurring as a consequence of transinteractions between the two parental genomes and epigenomes. Whole-transcriptome studies of F1 hybrids have been performed in a number of plant species, including Arabidopsis, rice (Oryza sativa), maize (Zea mays), and wheat (Triticum aestivum) (4) (5) (6) . Although the depth of analysis varies and interpretations are complex, transcriptional changes in hybrids are generally associated with processes involving energy production, metabolic rates, stress response, senescence, and hormone signaling.
We examined the transcriptomes of several Arabidopsis hybrids that differ in their heterotic growth (3), anticipating being able to identify both common and unique changes in regulatory pathways associated with the different patterns of heterotic growth. We found that all of the hybrids have transcription profiles implying increased stress tolerance and suppression of defense-related pathways as major altered processes, although the exact patterns of change differ between the hybrids. Given the competition between plant immunity and plant growth for resource allocation (7, 8) , the reduction in basal defense levels could be important for generating heterosis. Substantial changes in the auxin [indole-3-acetic acid (IAA)]-and salicylic acid Significance Hybrids are extensively used in agriculture to deliver increases in crop yields, yet the molecular basis of their superior performance (heterosis) is not well understood. We report that some Arabidopsis F1 hybrids show changes to salicylic acidand auxin-regulated defense and stress response gene expression. These changes could be important for generating the greater growth of some hybrids given the antagonistic relationship between plant growth and defense responses. Hybrids showing different levels of heterosis have changes in the salicylic acid-and auxin-regulated pathways that correlate with differences in the enhanced leaf growth. The larger leaves, and thus greater capacity for energy production, support the increased growth vigor and seed yields of the hybrids.
(SA)-regulated networks were observed in the hybrids, accounting for the changes in stress and defense response gene expression and possibly for the greater growth of the hybrids. Gene expression patterns consistent with increased auxin concentrations were found in most of the hybrids correlating with the common heterotic phenotype of greater leaf cell numbers. The SA network is reduced in some of the hybrids and is related to increased cell expansion and larger plants. We showed that by manipulating in planta SA concentrations, we could reduce or increase heterosis in some hybrids and promote hybrid vigor-like phenotypes in the parents.
Results
Differentially Expressed Genes in Arabidopsis F1 Hybrids Are Enriched for Genes That Are Expressed at Different Levels in the Parents.
Arabidopsis hybrids generated by crosses between the C24, Ler, and Col accessions exhibit different levels of hybrid vigor (3). By 15 d after sowing (DAS), the hybrids show differences in growth traits of the cotyledons and leaves compared with each other and with their parents and continue to develop more vegetative heterosis. We analyzed the transcriptomes of each reciprocal hybrid at 15 DAS and compared them to the transcriptomes of the parents at the same developmental stage. There were between 5,300 and 5,963 genes (∼23% of expressed genes at this stage) that differed in expression levels between each parental pair (DESEQ P ≤ 0.01; FDR ≤ 0.1; Fig. S1 A-C). In the hybrids, 1,741 (C24/ Ler), 2,103 (C24/Col), and 1,416 (Col/Ler) genes (slash denotes both reciprocal combinations), representing 6-8% of expressed genes, had expression levels that deviated from the average of the parental levels [midparent value (MPV); DESEQ P ≤ 0.01; FDR ≤ 0.1; Fig. S1 D-F; Dataset S1, Table S1 ] and are therefore genes that potentially generate the heterotic phenotype. Downregulation was the more prevalent outcome with almost two thirds of the differentially expressed genes in the hybrids showing a level of expression below MPV (Fig. S1 G-I) . Between 42% and 60% of the genes up-regulated from MPV, expressed at a level that also exceeded the higher-expressing parent, whereas between 29% and 41% of genes down-regulated from MPV expressed at levels below the lower-expressing parent (DESEQ P ≤ 0.01; FDR ≤ 0.1; Fig. S1 G-I). Most (∼92%) of the remaining genes differentially expressed from MPV had expression levels equivalent to those in one of the parents (DESEQ P > 0.01; FDR > 0.1; Fig. S1 G-I). The differentially expressed genes across the three hybrids represented 3,335 unique genes, of which ∼45% were common to at least two of the hybrids (Dataset S1, Table S2 ). Genes that differed in expression levels between the parents of the hybrid were overrepresented (3-5×) among the genes differentially expressed in the hybrids (Fig. S1 J-L).
Gene Regulatory Networks Involved in Defense and Stress Responses
Are Altered in the F1 Hybrids. We presumed that only a subset of the differentially expressed genes contribute to the heterotic phenotype and that important heterosis-promoting expression changes may be more readily identified by examining changes at the level of pathways. An enrichment analysis of the differentially expressed genes in each hybrid identified 199 (C24/Ler), 162 (C24/Col), and 138 (Col/Ler) Gene Ontology (GO) terms in the biological process category (hypergeometric test, P < 0.05; Benjamini-Yekutieli FDR < 0.1; Dataset S1, Table S3A ). We used REViGO (reduce and visualize gene ontology) (9) to cluster functional and semantic redundancies across these lists of significantly overrepresented GO terms (Dataset S1, Table S3B ). The resulting amalgamation produced a simplified list of between 18-43 GO biological process terms associated with the differentially expressed genes in the hybrids (Table 1) . Responses to abiotic stimuli and stresses and biotic defense responses were the most prominent and significantly overrepresented biological processes altered in the hybrids. Collectively, these two processes accounted for more than 50% of the GO biological process terms identified in the up-regulated genes and 78% of the GO biological process terms identified in the down-regulated genes in the three hybrids (Table 1) . A similar association is seen in the initial output of GO terms where abiotic stress and biotic defense responses featured frequently among the 25 most significantly overrepresented gene ontologies (on average 14/25 for up-regulated genes and 20/25 for down-regulated genes; Dataset S1, Table S3A ).
Responses to abiotic stimuli and stresses occurred in all three hybrids in both up-and down-regulated genes, but more so in the former, accounting for between 18% and 35% of the identified biological processes (Table 1 ). The more significantly overrepresented GO terms within the abiotic stimuli and stress grouping are associated with responses to changes in carbohydrate levels, mitigation of stress imposed metabolic changes, control of circadian rhythms, and sensing of nutrient status ( Fig.  1A ; Dataset S1, Table S3A ). Enrichment of the terms associated with these processes is consistent with the hybrids showing greater energy production and a broader tolerance to environmental conditions than parental lines (10) . Among the up-regulated genes with known roles in plant growth included key regulators of the circadian clock, such as TOC1 (TIMING OF CAB EXPRESSION 1), GI (GIGANTEA), PCL1 (PHYTOCLOCK1) and PRR5 (PSEUDO-RESPONSE REGULATOR 5), previously shown to be changed in hybrids and implicated in generating heterosis through alterations to carbohydrate production (3, 11, 12) . Other up-regulated genes in all three hybrids included sugar transporters (Fig. 1B) , which can promote growth when overexpressed (13, 14) , as well as GLUTAMINE-DEPENDENT ASPARAGINE SYNTHASE 1 (ASN1), Class II TREHALOSE-6-PHOSPHATASE SYNTHASE genes (TPS8 to 11), and LEA/dehydrin genes (Fig. 1B) , whose elevated expression supports plant growth under cold, salinity, or drought stress (15) (16) (17) . The genes responding to nutrient levels and starvation that were down-regulated in all three hybrids are involved in transcriptional responses to in planta phosphate and sulfate concentrations (Fig. 1C) (18, 19) . The down-regulation of these starvation-induced genes to below low-parent levels in the hybrids is a transcriptional state that has been related to greater plant growth (18, 19) .
Biological processes related to biotic defense responses were the most prevalent GO terms associated with the differentially expressed genes in the hybrids (Table 1) ; they accounted for between 58% and 65% of the REViGO summarized terms for the down-regulated genes, with all three hybrids having enrichments in many of the same basal processes (Fig. 1A) . Included among the down-regulated defense response genes are several known to be induced by pathogen attack (Fig. 1D) (Fig. 1D ).
In the Brassicaceae, pathogen defense responses are frequently associated with the production of secondary metabolites such as indole glucosinolates, camalexin, and flavonoids. Genes involved in processes associated with the biosynthesis of these compounds are overrepresented among the down-regulated genes in all three hybrids (Fig. 1A) .
Changes to biotic defense responses were the principal themes associated with the transcriptional changes occurring in the F1 hybrids. The patterns of altered defense-related gene expression imply that the hybrids have a decreased basal defense response, this being more pronounced in the C24/Ler and C24/Col hybrids. Given the antagonistic relationship between plant immunity and plant growth (7, 8) , the lower level of defense-related metabolism could be significant for generating the greater growth of the hybrids. Hormones are important regulators of plant growth and of responses to pathogen challenges. GO analysis showed that the hybrids have expression changes, both increased and decreased, in genes involved in hormone pathways (Fig. 1A) . A comparison of the differentially expressed genes in the hybrids against datasets showing changes in gene expression following hormone treatment (AtGenExpress) (20) allowed a more detailed analysis of hormone-regulated genes beyond the limitation of the GO curations (21, 22) and enabled identification of directional responses in gene expression. Subsets of the hormone-regulated genes identified from among the genes differentially expressed in the hybrids were found to respond to more than one hormone (Dataset S1, Table S4 ). Such cross-talk has the potential to incorrectly implicate changes to a hormonal pathway in the hybrids; to avoid this we used genes principally regulated by one hormone which identified auxin (IAA), jasmonic acid (JA), and SA as the hormone-regulated pathways most likely to be altered in the hybrids (Fig. 1E) . The data showed that increased IAA Table S3A ). The intensity of the yellow shading indicates the relative fold-enrichment over the number of entries expected by chance. (B-D) Examples of differentially expressed genes within the abiotic stress and abiotic stimuli responses (B and C) and defense response GO categories (D). The genes are categorized into subprocesses: red shading, up-regulation; blue shading, down-regulation with the relative fold-change in expression specified by the shading intensity. Expression level changes in the hybrid relative to parental levels are also indicated:^, up-regulated above high parent; ˅ , down-regulated below low parent; +, up-regulated to high-parent level; −, down-regulated to low-parent level; shaded with but with no symbol are between MPV and one parent. (E) Identification of altered hormone-regulated networks in the hybrids. Identifying overrepresentations (Fisher's P < 0.001) of hormone-regulated genes (AtGenExpress, columns) among the DEGs of the F1 hybrids (rows). Up, up-regulated; Dn, down-regulated genes of the F1 hybrids; genes stimulated (Stim) or repressed (Rep) by increases (↑) in hormone concentration through exogenous application; ABA, abscisic acid; ET, ethylene; BR, brassinosteroid; GA, gibberellin; IAA, auxin; JA, jasmonic acid; SA, salicylic acid; CK, cytokinin. Each overrepresentation analysis between a hybrid and a given hormone response expression profile is a four-way comparison. An example of how to interpret the results is provided below the matrix.
concentration stimulates genes that are overrepresented among the up-regulated genes in each of the three F1 hybrids (Fig. 1E) . Conversely, there is an overrepresentation of genes repressed by IAA in the down-regulated genes of each hybrid (Fig. 1E ). This enrichment pattern suggests all three hybrids have an increased auxin transcriptional response. In the case of SA, the C24/Ler and C24/Col hybrids show an enrichment pattern, suggesting that these two hybrids have a decreased SA transcriptional response (Fig. 1E ). For JA, only C24/Ler indicated a reduction in JA transcriptional response (Fig. 1E) . Similar conclusions regarding changes to the IAA, SA, and JA networks applied in an additional 13 other array datasets tested against the C24/Ler hybrid (Fig. S2) .
Genes differentially expressed among the C24, Ler, and Col parents show that the processes altered in the hybrids are differently emphasized in the parental lines (Fig. S3A) . SA levels and biotic defense responses are high in C24, and associate with genes expressed at lower levels in Col and Ler. Genes associated with flavonoid biosynthesis are highest in Ler, and those involved in indole-derived defense compounds and auxin metabolism are lowest in Col.
The Altered Auxin Response Pathway in the Hybrids. Changes in the auxin transcriptional response pathway include genes at the level of auxin biosynthesis. The majority of the genes were downregulated in the hybrids ( Fig. 2 A and B ), which appears to contradict the increased auxin response expression profile seen in the three hybrids; this is not the case when the roles of these genes are considered. Auxin is derived mainly from tryptophan through several key intermediates ( Fig. 2B) (23) . The genes in the main biosynthetic pathway involving indole-3-pyruvic acid (24) were not altered in the three hybrids ( Fig. 2 A and B) . The changes occurred predominantly in the indole-3-acetaldoxime (IAOX) pathway, which is specific to the Brassicaceae. In addition to producing IAA, this pathway is responsible for the biosynthesis of the antimicrobial compounds, indole glucosinolates, and camalexin (23) . Genes leading to the production of these secondary metabolite defense compounds were down-regulated in all three hybrids ( Fig. 2 A and B) . Also down-regulated were the NITRILASE genes (NIT1,2,3), which produce IAA from indole-3-acetonitrile (IAN; Fig. 2 A and B) . Blocking production of indole-derived secondary metabolites leads to elevated levels of IAA via an accumulation of IAOX and subsequently an increased flow through the IAOX → indole-3-acetamide (IAM) → IAA route (25) . Consistent with this occurring in the hybrids, AMIDASE 1 (AMI1) was up-regulated in each hybrid ( Fig. 2 A and B) . In support of our findings, we identified similar alterations to the auxin biosynthesis pathway in an independent C24/Ler hybrid dataset ( Fig. S3B ; GSE34655; Materials and Methods) (26) . The results imply that IAA production via the IAM route is enhanced in the hybrids as a consequence of decreased production of defense compounds, which relates to the increased auxin response in the hybrids.
In addition to changes in auxin biosynthesis, alterations to auxin response may come about by changes in auxin transport that affect localized auxin concentrations. Flavonoids are repressors of auxin transport (27, 28) , and all three hybrids showed a down-regulation of genes involved in flavonoid biosynthesis ( Fig. 2 C and D) , implying a reduction in flavonoid levels in the hybrids and presumably increased rates of IAA transport compared with the parental lines; the latter is confirmed for C24/Ler (26) . The down-regulation of flavonoid biosynthesis has broad impacts on the transcriptomes of all three hybrids as indicated by the overrepresentation of flavonoid-regulated genes in an enrichment pattern consistent with a reduction in flavonoid levels (Fig. S4A ). These effects of reduced flavonoid production on the hybrid transcriptome appear to be partly mediated through changes to localized IAA concentrations, as indicated by over half (∼58%) of the flavonoid-regulated F1 differentially expressed genes also being regulated by auxin (Fig. S4B ). Included among these coregulated genes are those highly responsive to changes in auxin concentration (i.e., typical auxin-inducible target genes). The activities of these genes in the hybrid matched changes in expression induced in nonhybrid parents by IAA application and flavonoid deficiency (Fig. 2E ) and reflected the state of increased auxin response occurring in all three hybrids. Among the auxinindependent flavonoid-responsive genes were those involved in carbohydrate metabolism, transport, and responses to abiotic stresses identified in the GO analysis (Fig. 2F) . However, despite influencing auxin transport, changes in flavonoid biosynthesis only accounted for ∼28% of the auxin-regulated F1 differentially expressed genes (Fig. S4B) , implying that the changes to auxin biosynthesis were the major influence altering auxin response in the hybrids. Among the F1 differentially expressed genes regulated by auxin but not flavonoids are the nutrient-and stressresponsive sulfur and phosphate starvation-responsive genes and LEA/dehydrin genes identified in the GO analysis; their patterns of differential expression in the hybrids matched the directional change in expression when auxin levels were experimentally increased in the nonhybrid parent (Fig. 2G ).
The Altered Salicylic Acid Response in the Hybrids. As observed in the auxin pathway, altered SA response in the hybrids involved changes in gene expression at the level of hormone biosynthesis, but are limited to the C24/Ler and C24/Col hybrids. Of the two pathways of SA biosynthesis, the isochorismate (IC) pathway is the predominant route for both basal and pathogen induced SA production (29) . Both ISOCHORISMATE SYNTHASE 1 (ICS1) and ICS2 were down-regulated in C24/Ler and C24/Col (Fig. 3 A and  B) . In the later steps of the IC pathway, AVRPPHB SUSCEPTIBLE 3 (PBS3) is crucial for accumulation of SA (30) and was also downregulated in the C24/Ler and C24/Col hybrids ( Fig. 3 A and B) . A small proportion of SA is produced through an alternate pathway involving four PHENYLALANINE AMMONIA-LYASE (PAL) genes (31) . In all three hybrids, only PAL1 showed changes in expression with levels at or below the low parent ( Fig. 3 A and  B) . The data suggest that the reduced SA transcriptome response of C24/Ler and C24/Col hybrids occurs through reduced SA production. In support of our findings, a similar repression of SA biosynthesis genes was observed in the GSE34655 C24/Ler dataset (Fig. S3B) .
In addition to the core SA biosynthesis genes, upstream regulators of SA biosynthesis showed repressors being up-regulated and activators down-regulated in C24/Ler and C24/Col, but not in Col/Ler (Fig. 3C) . There is no difference in the expression of genes whose products directly perceive SA (Fig. 3C ). Of the many downstream genes regulated by SA most were differentially expressed in the C24/Ler and C24/Col hybrids ( Fig. 3 D and E). Of those that were differentially expressed in the Col/Ler hybrid, some showed an opposite pattern to those in the C24 hybrids ( Fig. 3 D and E) , including ACCELERATED CELL DEATH 6 (ACD6) and CYSTEINE-RICH RLK 4 (CRK4). SA-inducible genes that were down-regulated in the hybrids cover a large spectrum of SA targets ranging from pathogenesis-related genes to WRKY transcription factors, SA-dependent activators of cell death, and regulators of cell expansion (Fig. 3 D and E) . Included among SA-repressed genes that were up-regulated in the C24/Ler and C24/Col hybrids are several ETHYLENE RESPONSE FACTORS (ERF) (Fig. 3D ) that had changes in expression consistent with increased plant growth. ERF6, whose lack of expression results in reduced plant growth (32) , activates stress tolerance genes such as SALT TOLERANCE ZINC FINGER (STZ) and WRK33 (33), which were also up-regulated in the C24/ Ler and C24/Col hybrids (Fig. 3D ). Col/Ler showed an opposite pattern of expression for these genes (Fig. 3D) . Increased ERF4 represses JA signaling independent of changes to JA levels (34) and can promote vegetative growth (35) , whereas ERF11 down-regulates pathogen defense-related genes (36) .
A number of SA-regulated genes controlling cell expansion were among the differentially expressed genes of the hybrids (Fig. 3E) . Promoters of cell expansion were predominantly upregulated and more highly expressed in C24/Ler and C24/Col compared with Col/Ler (Fig. 3E) , consistent with these two hybrids showing greater cell expansion than Col/Ler (3). The reduced basal level of defense gene expression that could be promoting the greater growth of the hybrids could also lead to the hybrids being more susceptible to biotic stress than their parental lines. We examined the hybrids for an altered response to Pseudomonas syringae, because infection by this bacterial pathogen is greater when SA response is reduced and IAA levels are increased (37) . We found that following P. syringae infection, the hybrids had elevated expression of BDA1 and WRKY46 (two genes known to be induced by P. syringae infection; Fig. S4C ) and accumulated fewer bacteria than their more susceptible parent. The levels of infection in C24/Col and Col/Ler were similar to the more resistant parent and for C24/ Ler equivalent to both parents (Fig. 4) . The results suggest that although there was a reduction in the basal level of defense response gene expression, the hybrids were not compromised in their inducible response and ability to resist at least this biotic challenge.
Changes to the IAA, Flavonoid, and SA Pathways Correlated with the Development of Heterotic Increases in Leaf Cell Size and Cell Number.
Changes to the IAA, flavonoid, and SA biosynthesis pathways were examined in an additional set of hybrids, generated by crossing the Wassilewskija (Ws) accession with C24, Ler, or Col accessions (3). Quantitative RT-PCR (qRT-PCR) analysis of key biosynthetic and response genes indicated that glucosinolate, camalexin, and flavonoid biosynthesis were down-regulated in all of the Ws hybrids (Fig. S5A) . Increases in expression of the IAA biosynthesis gene AMI1 occurred in Ws×Ler and Ws×Col, but not in C24×Ws hybrids (Fig. S5A) , which had a reduction in SA biosynthesis and responses (Fig. S5A) .
The changes in IAA, flavonoid, and SA responses across the six hybrids between C24, Ler, Col, and Ws were compared against the heterotic phenotypes of increased leaf cell size and cell number previously characterized for these hybrids (3). A greater IAA response occurred in those hybrids showing increased leaf cell number, whereas a reduced SA response was associated with larger photosynthetic leaf cell size promoted by the C24 parent and is associated with the larger sized hybrids (Fig. 5) .
Changing in Planta SA Concentrations Affected the Growth of Parents and Levels of Heterosis in Hybrids. We decided to focus on the altered SA response in the hybrids because the changes to this pathway correlate with increased leaf cell expansion and the larger hybrids. In another set of sowings (independent of those used for the mRNA-seq data), qRT-PCR showed expression levels of the SA biosynthesis genes ICS1 and PBS3, along with SA downstream markers BDA1, PR1, and PR2, were high in C24 and decreased in the hybrids having C24 as a parent (Fig. S5A) , as seen in our RNA-seq data. Consistent with our mRNA-seq transcriptome profiles, LC-MS hormone quantification of these plants revealed that C24 has substantially higher endogenous levels of SA than the other parental lines (Fig. 6A) . Hybrids involving C24 showed concentrations of SA reduced below MPV and equivalent to the non-C24 hybrids (Fig. 6A) . The reduced SA concentrations and SA responses in the C24 hybrids were present by 7 DAS (Fig. S5B) , suggesting that the SA decrease occurred early in development. Differences between the measured vs. expected midparent SA concentrations in the hybrids at 15 DAS correlated well with heterosis values for mature (∼45 DAS) rosette size (Fig. 6B) , with the differences in SA concentrations between parents at 15 DAS possibly serving as a predictor for maximum vegetative heterosis (Fig. 6C) . In determining the concentrations of SA, the extraction procedure also allowed abscisic acid (ABA) and JA concentrations to be assayed. No difference was observed in the levels of these two hormones in the hybrids (Fig. S6A) in agreement with our transcriptome profiles that indicated no change in the biosynthesis of these hormones.
We explored the relationship between SA concentration and heterosis by manipulating in planta SA. Increased SA concentration and stimulation of the SA response pathway were achieved by either a foliar spray of a SA mimic [BTH (benzothiadiazole), which has a superior dissolving capability and higher absorption efficiency through the leaves than SA] on soil grown plants (commencing at 14 DAS and assessed at 25 DAS) or through the addition of SA to the agar growth medium (from germination to assessment at 15 DAS). In both the SA-and BTH-treated plants, the PR1 SA-responsive target gene was upregulated ( Fig. S6B) , SA-responsive cell expansion genes were down-regulated (Fig. S6B) , and rosette growth was reduced in both parents and hybrids ( Fig. 7 A and B) . Both assays yielded similar patterns of altered growth levels. The reduction in rosette size was most apparent in the C24/Ler hybrid (suppressed SA network), whereas the Col/Ler hybrid (unaltered SA network) was the least sensitive of the lines (Fig. 7 C and D) . The elevated SA levels caused a greater reduction in the growth of the C24/Ler hybrid compared with its parents (Fig. 7B ), leading to a reduction in the level of heterosis under high SA conditions (Fig. 7E) . Col/ Ler showed a proportionally lower level of reduced growth compared with its parents (Fig. 7D ), resulting in a higher level of heterosis under elevated SA conditions (Fig. 7F) . These results agree with a decreased SA level and transcriptional response contributing to the greater growth of hybrids involving C24, and support the suggestion that the SA pathway is not involved in the heterotic growth of the Col/Ler hybrid.
We introduced the Pseudomonas NahG gene, which catabolizes salicylic acid to catechol (38) , into the parental lines with the expectation that by mimicking the reduced SA state of the hybrids, we could phenocopy the increased vegetative biomass of the hybrids. PR1 was down-regulated in the NahG transgenic plants indicating reduced SA levels (Fig. S7A) . Among the parental lines, growth enhancement in response to NahG activity correlated with the basal level of SA in each parent, with C24 having the largest response and Col the least. By 35 DAS, C24-NahG plants had rosettes 23% larger with 43% increase in fresh weight over wild-type C24 (Fig. 8 A-C) and were phenotypically more comparable to the nontransgenic C24 hybrids than to the nontransgenic parental lines. C24-NahG plants produced more seed than wild-type C24 (Fig. S7B) . The growth enhancement was established early in the life cycle with the C24-NahG seedling larger than wild-type C24 at 18 d (Fig. 8B) , the larger leaves a result of increased cell size (Fig. 8D) , as seen in the C24 hybrids. Genes regulating cell expansion that responded to SA application and are differentially expressed in the C24 hybrids show different levels of expression in C24-NahG compared with wild-type C24. TCH4 (TOUCH 4/XTH22), a promoter of cell expansion is higher in C24-NahG, whereas EXT3 (EXTENSIN 3), a repressor of cell expansion, is lower in C24-NahG compared with wild-type C24 (Fig. 8E) .
Ler-NahG plants showed smaller increases in vegetative growth over wild-type counterparts, with 16% increase in rosette size and 33% in aerial biomass by 35 DAS (Fig. 8 A-C) . Under our conditions, there was no effect of the NahG transgene on the vegetative growth of Col (Fig. 8 A-C) , but there was an increase in seed yield (Fig. S7B) .
The NahG gene was introduced into C24/Col (decreased SA response hybrid) and Col/Ler (unaltered SA response hybrid) hybrids. NahG activity was found to promote substantial increases in vegetative biomass and size in the C24/Col hybrid (Fig.  8F) , and a significant, but more modest, increase in vegetative growth of the non-C24 (Col/Ler) hybrid (Fig. 8F) . Although we cannot exclude potential effects of the catechol by-product of NahG-mediated SA degradation, the phenotypic effects seen in the NahG transgenic plants of increased rosette biomass through greater cell expansion and increased seed yields are known to be directly associated with reduced SA levels in Arabidopsis (39-42). NahG-generated catechol may not accumulate to high levels (43) , which in any case would cause growth inhibition (44) and not the growth enhancement observed.
Discussion
To understand the transcriptional changes responsible for heterosis, we examined a series of Arabidopsis F1 hybrids that show differences in their levels of hybrid vigor. Hybridization of the parental accessions resulted in substantial transcriptional reprogramming with 6-8% of genes showing altered expression levels in the hybrid. Almost half of these genes were common to at least two of the hybrids we studied. An analysis that discounted redundancies among the biological process GO terms showed a preponderance of defense-and stress-related processes associated with the differentially expressed genes in all three hybrids. Though changes to abiotic stress response genes were common to all three of the hybrids, the changes in defense response gene expression were more prominent in hybrids having C24 as a parent.
Our analysis of genes with altered activities in the hybrids suggests an improved tolerance to abiotic stresses and a suppression of genes associated with basal defense levels. Changes in stress response gene expression may be linked to the increased growth performance of Arabidopsis, crop, and wild species hybrids under a range of environmental conditions (10, 45) . A lower level of defense-related metabolism could be significant in generating the greater growth of the hybrids, given the negative tradeoffs between defense robustness and plant growth and yield (7, 8) .
Among the defense and stress-related differentially expressed genes of the hybrids were those encoding enzymes in the biosynthetic pathways of SA and auxin together with downstream genes regulated by these two hormones. These altered gene activities are of potential importance in generating the heterotic phenotype given that SA and auxin are key regulators of plant defense responses and are also major controllers of plant structure and growth (37, 42, 46) . We found that the reprogramming of the IAA pathway (occurring in all except the C24/Ws hybrid) and the SA pathway (occurring in hybrids having C24 as a parent) was correlated with increased leaf cell number and leaf cell expansion, respectively. This relationship is consistent with the known functions of these two hormones, with auxin controlling leaf size through cell proliferation (46) and lower SA concentrations increasing leaf size through greater cell expansion (41, 42) . Heterosis in leaf cell size and leaf cell number occurs throughout the life history of the Arabidopsis hybrid, being identifiable in early development and contributing to a greater photosynthetic capacity of the hybrids relative to the parents (3, 47) . These morphological and anatomical characteristics of the hybrid may be an important prerequisite for hybrid vigor, with the differences in the levels of vegetative heterosis between hybrids related to the different exploitation of the SA and IAA pathways.
The reduced SA-related gene activities in the C24 hybrids were found to be associated with a decrease in SA concentration. The decrease in SA concentration between hybrids was found to correlate with mature rosette size. Similarly, SA levels are negatively correlated with plant biomass in C24/Col recombinant inbred lines (48) , providing support for the concept that a reduction in SA concentration and associated changes in gene expression levels in the F1 contribute to increased vegetative plant biomass. Hybrids with C24 as a parent presented a special situation among the hybrids in this study, because the C24 accession has substantially higher concentration of SA than the other parental accessions, yet its growth is not reduced relative to the other parental accessions. We assume that C24 must have genes that promote high SA concentrations and others that confer a tolerance to high SA levels in terms of growth. Hybridization with Ler, Col, or Ws represses the high SA-producing alleles of C24, allowing increased activity of the C24 SA-tolerant growthrelated alleles in C24 hybrids. We were able to mimic the effect by introducing the NahG gene into C24, resulting in hybrid-like increases in biomass and seed yields. Although we only observed these SA-related changes in relation to C24, substantial natural variation for SA response occurs across Arabidopsis accessions (49-51), and it is likely that other hybrid combinations will show decreased SA production/response to produce heterotic hybrids. One example is the Est-1 accession, which has elevated levels of SA, shows greater growth when constitutively expressing NahG, and produces highly heterotic hybrids when in combination with a low SA accession such as Col or Ler (52, 53) .
Greater leaf growth of hybrids in other species is mainly due to increased cell numbers rather than cell expansion (10, 54) . Leaf heterosis in maize occurs through increased cell numbers linked with changes in auxin response (55, 56) . Altered auxin responses are also observed in rice hybrids (57) . Although changes in auxin response are common, the molecular triggers appear to differ between hybrid systems. Micro-RNAs and other small RNAs are linked with changes to the IAA network in hybrid rice (57) , whereas in maize hybrids, allele variants of the auxin-regulated transcription factor ZmARGOS1 are contributors (55) . In the Arabidopsis hybrids, the increased auxin response mainly involves changes at the level of auxin biosynthesis involving repression of genes involved in producing the defense compounds, indole glucosinolates, and camalexin. Changes in flavonoid biosynthesis also contribute because flavonoids are negative regulators of polar auxin transport (27, 28) . Even moderate decreases in flavonoid biosynthesis gene expression improve plant growth (27) . We found differentially expressed genes in the hybrids included those reported to be important for regulating cold, drought, and macronutrient stress responses that could be related to the changes in auxin and flavonoid biosynthesis. Cross-talk between networks could explain changes in stress response genes in the hybrids despite the absence of an abiotic stimulus. The changes to the IAA pathway may explain the residual heterosis in the SA-treated C24 hybrid and why C24-NahG cannot fully mimic the C24 hybrid phenotype. The increased cell proliferation promoted by an increased auxin response provides an obvious growth-promoting complement to the increased cell expansion stimulated by the decrease in SA, and may explain why the larger hybrids are those with changes to both hormone pathways.
Altered defense and stress response gene activities have also been observed in Arabidopsis allotetraploids (58) , hybrids in crop species including rice, maize, and wheat (59) (60) (61) (62) , and even in natural populations of hybrids (63, 64) . This seemingly general outcome of hybridization suggests that our findings of heterosis in Arabidopsis hybrids centering on shifts in the tradeoff relationship between growth processes and defense response could apply to hybrids in other species. In our hybrids, the factors responsible for the lower basal level of defense response gene expression did not compromise the inducible immune response of the hybrids to at least Pseudomonas syringae infection; but this may not always be the case because changes in immunity have been reported for hybrids across a number of species, some showing improvements, and others being more susceptible to attack (64, 65) . Arabidopsis hybrids between the Col and Sei accessions show hyperresistance to Pseudomonas and elevated levels of defense response gene expression and SA concentrations (66) . Consistent with our findings, the Col/Sei hybrid does not show heterosis for rosette biomass.
Elevated SA response, changes in auxin concentrations, increased defense gene expression, and reduced growth parameters all occur in a less frequent hybridization outcome termed hybrid weakness (45, 52, 67, 68) , and at its extreme, hybrid incompatibility (69) , providing additional support to the competitive interaction of defense pathways and growth regulation determining levels of heterosis. Hybrid vigor and hybrid weakness may represent opposite outcomes of changes to SA-and IAA-regulated pathways that are determined by interactions between defense and stress response allele and epiallele combinations provided through the cross to produce the hybrids.
In conclusion, our work suggests that a suppression of defense response gene activities are important for generating the hybrid vigor phenotype. Our results with the SA pathway showed that it is possible to change processes identified as altered in hybrids to generate improved parental lines and perhaps to produce more vigorous hybrids.
Materials and Methods
All F1 hybrid seed were generated through hand pollination as described in ref.
3. All plants in the same experiment were grown under the same conditions in randomized blocks with position rotated daily. Appropriate parental lines were grown alongside F1 hybrids. For transcriptomes, total RNA was isolated from aerial tissues of 15-d-old seedlings, replicates consisted of a pools of 5-15 seedlings harvested at time ZT8 ± 1.5 (Dataset S1, Table S6 ). Libraries were sequenced on the Illumina platform. Sequenced reads were mapped to the TAIR10 reference genome using BioKanga (sourceforge.net/projects/biokanga/). Raw and processed reads were deposited in the Gene Expression Omnibus database (accession no. GSE64475). Midparent expression levels were generated for each biological replicate and various pairwise comparison performed using DESEQ (70) . Our main transcriptome dataset was derived from a simultaneous sowing of two biological replicates for each of the three parental lines and their six reciprocal hybrid combinations (replicates A and B; Dataset S1, Table S6 ). To be confident that the transcriptional changes identified in the F1 are an effect of hybridization (thus potentially important in generating the hybrid phenotype) and not an environmental influence over a single sowing, data from another 3-5 replicates of C24, Ler, and their reciprocal F1 hybrids from three additional independent sowings were also examined (replicates C-G; Dataset S1, Table S6 ). Correlations of individual gene expression levels showed good consistency between the independent C24, Ler, F1 C24/Ler sowings (Fig. S8) . GO analysis was performed using singular enrichment analysis in agriGO (71) . REViGO (9) was used to generate GO term redundancy clusters. Rosette diameters were measured from images using ImageJ (rsb.info.nih.gov/ij/). Size of palisade mesophyll cells were determined from cleared samples using DIC (differential interference contrast) optics. The midparent values were generated through averaging across ranked parental values. Pseudomonas infections were performed as described in ref. 72 using 24 leaves per genotype across eight 10-wk-old plants grown under short-day conditions. LC-MS/MS determination of SA, JA, and ABA in planta concentrations was performed as described in ref. 73 with minor modifications (SI Materials and Methods). Further details, including methods for identifying hormone-regulated gene networks in the hybrids, SA/BTH application assays, SA reduction through NahG, and bioinformatics analysis, can be found in SI Materials and Methods.
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Groszmann et al. 10 .1073/pnas.1519926112 SI Materials and Methods Plant Growth. All F1 hybrid seed were generated through hand pollination as described in ref. 1 . When comparing against hybrid plants, parental controls were generated by restricting silique numbers on the mother plant. NahG transgenic parental lines and their wild-type controls were self-pollinated seeds. Plants were grown as described in ref. 1 . In all instances, appropriate parental lines where grown alongside F1 hybrid lines. Sterilized seeds were sown in 150-mm-diameter plates containing Gamborg's B-5 Basal Media (Sigma; G5893-10L), pH 7.0 (KOH), 0.6% wt/vol agar. Three hybrid lines and at least the common maternal parent were sown on each plate at a density of 6-8 plants per genotype. . Clear plastic lids covered each tray for the first 3 d after transfer to assist in the continued healthy growth of the seedling. The positioning of both plates and trays on shelves during the entire growth cycle were rotated and shifted daily to minimize possible positional effects on growth. Plants on soil were watered at a rate of 800 mL per tray as needed (approximately every 3-4 d).
Pseudomonas Infection. Pseudomonas infections were performed as described in ref. 2 . Briefly, for each genotype the abaxial leaf surfaces of 24 leaves across eight 10-wk-old plants grown under short-day conditions were infiltrated with PstDC3000 (OD = 0.0002) in 10 mM MgCl2 using a needleless syringe, with plants then covered to maintain humidity. Bacteria accumulation in leaves was determined at 3 d postinoculation by serial dilution plating from biological replicates each containing eight leaf discs. ]salicylic acid, dihydrojasmonic acid, and [ 2 H6]abscisic acid; 037 6582, 014 5321, and 034 2722, respectively; OlChemlm Ltd.) and three glass beads were added to a 2-mL Eppendorf tube (Safe-Lock Tubes; 0030120.094; Eppendorf) and further ground in a TissueLyser for 30 s. A total of 1,575 μL acetone:50 mM citric acid extraction solvent (70:30% vol/vol) was then added. Tubes were rotated at low speed in the dark at 4°C for 3 h and then were left uncapped in a fume hood to allow the acetone layer to evaporate overnight. SA, JA, and ABA in the remaining aqueous phase were extracted by partitioning two times with 500 μL of diethyl ether. The ether phase was collected in a 2-mL glass vial (Kinesis Australia Pty) and evaporated using a SpeedVac until dry. Dried samples were resuspended in 62 μL of 60% methanol (60:40 methanol:water vol/vol) and filtered through a 0.45-mm GHP membrane in a Nanosep MF Centrifuge tube (Pall Co.) before LC-MS/MS analysis. The accuracy of the assay was determined by including a spiked control of a known amount of the pure SA (247588; SIGMA), JA (014 2822; OlChemlm Ltd.), and ABA (013 2702; OlChemlm Ltd.) and their respective internal standards to the sample (n = 8), assaying the mixture as described above and then comparing the readouts with the expected results.
Quantification of SA, JA, and ABA by LC-MS/MS. Plant hormone quantities were analyzed as described in ref. 3 Table S6 ). An additional five replicates for C24 and Ler and three replicates for C24×Ler and Ler×C24 from three additional independent sowings were also examined (designated as replicates C-G, sowing replicates 2-4; Dataset 1, Table S6 ). In total, 7 biological replicates for both the C24 and Ler parents, 2 biological replicates for Col, 10 biological replicates for C24/Ler, and 4 biological replicates for both C24/Col and Col/Ler were sequenced and analyzed. Each replicate consisted of a pools of 5-15 seedlings harvested at time ZT8 ± 1.5. Total RNA was extracted using QIAGEN RNeasy Plant MiniKit with on-column DNA digestion using the QIAGEN RNase free DNase Set TM . Libraries were prepared and sequenced by a service provider using the Illumina True-seq kit and sequenced on an Illumina GAIIx or Hi-Seq as mRNA-seq single-ended or pair-ended runs (Dataset 1, Table S6 ). On average, 87% of sequenced reads were mapped per sample to the TAIR10 reference genome using BioKanga align (sourceforge.net/projects/biokanga/) using default settings and additionally implementing parameters −A5000 and −M5. Mapped reads were allocated to genomic features (as per TAIR10 annotations) using BioKanga maploci on default settings. Reads per genomic feature were standardized across libraries using the normalization procedure in DESEQ (4) (bioconductor.org/ packages/2.13/bioc/html/DESeq.html). Midparent expression levels were generated for each biological replicate. For example, the averages of normalized expression values of replicate A C24 and replicate A Ler were used to generate the replicate A MPV set. Various pairwise comparison was then performed using DESEQ (e.g., hybrid vs. MPV; hybrid vs. high-parent; parent vs. parent, etc.). Because the dataset as a whole included biological replicates grown and sequenced at different times (i.e., sowing replicates), this was considered in the DESEQ analysis and processed accordingly as per DESEQ instructions. For the main hybrid dataset, which is a within-batch comparison (i.e., all hybrids and parents; biological replicates A and B, sowing replicate 1), a negative binomial test implementing the fitonly variance dispersion model in DESEQ was used to determine significant differences in mRNA levels between samples. The between "C24, Ler, and C24/Ler" batches comparisons were analyzed as per DESEQ batch-effect instructions, invoking GLM tests with the negative binomial analysis. Differential expression was considered at P < 0.01 and q < 0.1. Approximately 85% of the protein coding genes had mapped reads of at least 50/kb in either the parents or hybrid and were arbitrarily considered as being expressed in this tissue and stage of development. In addition to our datasets, we downloaded raw sequence files from the Gene Expression Omnibus database of an independent 15-d-old C24/Ler seedling single biological replicate (four technical replicates) transcriptome dataset (GSE34655) (5) that we reprocessed using our pipeline. Quantitative RT-PCR. qRT-PCR analysis was performed as described in ref. 1 . RNA was extracted as above and cDNA synthesized using SuperScript III reverse transcriptase (Invitrogen). Realtime qPCR was performed using SYBR green and Platinum Taq DNA polymerase (Invitrogen) as per manufacturer's instructions. Reactions were carried out in a 7900HT Fast Real-Time PCR System (Applied Biosystems). Absolute transcript quantity was obtained using standards of Arabidopsis cDNA from each sample. Three biological replicates (each consisting of a pool of aerial tissue from at least 10 seedlings) and between 2-4 technical replicates were performed for each sample and comparison. For primer sequences, see Dataset S1, Table S7 .
Categorizing the Differentially Expressed Genes of the F1 Hybrids.
GO analysis. Functional categorization of the differentially expressed genes in the F1 hybrids was performed using singular enrichment analysis in agriGO (bioinfo.cau.edu.cn/agriGO/) (6). At least one entry for ∼98% of both the F1 differentially expressed genes and the expressed protein coding genes at 15 DAS are present in the GO database. A GO category was considered significant if it had a hypergeometric test P of < 0.05, a Benjamini-Yekutieli FDR < 0.1, and at least five mapped entries. For a full listing of recognized GO terms, see Dataset 1, Table S3A . REViGO (7) was used to account for the functional and semantic redundancies among the identified lists of GO terms. A C value of 0.5 was used to generate the hierarchical clustering of GO terms in Dataset 1, Table S3B . Hormone-regulated gene analysis. A more precise assessment of hormone-regulated genes over that of the curated descriptions in the GO database was achieved using the AtGenExpress hormone treatment datasets (atpbsmd.yokohama-cu.ac.jp/AtGenExpressJPN/ AtGenExpress.html) (8) . This data consists of array-based gene expression assessments of the regulatory responses associated with applying various hormones to Arabidopsis seedlings. We used data from the last of three time-points, 180 min after treatment, because this was considered more applicable to the system-wide transcriptional changes to be occurring in the hybrids. We reprocessed the data to apply a similar stringency of calling DEGs (mock vs. hormone) as was implemented for the F1 hybrid. Hormone-regulated genes were determined using gene_est_only setting in DESEQ. To get an accurate comparison between datasets, only genes expressed in our transcriptome datasets that were also present on the AtGenExpress 24k Arabidopsis array were considered. The hormoneinducible genes were separated into those stimulated or repressed by a given hormone and then cross-matched against genes up-or down-regulated in the F1 hybrid. A Fisher's exact test (P < 0.001) was used to determine if the hormonal-induced genes within the F1 DEG set were present in greater numbers than expected by chance. To assess the prevalence of hormonal network cross-talk within the F1 DEGs, the various groupings of F1 DEGs overlapped with hormone-inducible genes were compared in a pairwise manner to identify overrepresentations of one hormonal class within another (Fisher's test, P < 0.01; Dataset 1, Table S4 ). Assigning principal hormone effectors to genes was based on cross-talk patterns determined in refs. 8 and 9, additional literature searches on genes in question including coexpression analysis using ATTED-II (atted.jp/), and weighting the networks based on the proportion of genes known to be regulated by that hormone. The additional expression array datasets used to confirm hormone network profiles (i.e., the IAA, SA, and JA networks) were processed using Geo2R (10) . For list of array datasets, see Fig. S2 .
Rosette Diameters, Leaf Dimensions, and PM Cell Measurements.
Rosette diameters. Rosette sizes (diameters) were measured as described in ref. 1 . Rosettes were imaged from an aerial perspective using a stage mounted Nikon DX3 camera with a Nikon 60-mm lens. Rosette diameters were measured using ImageJ software (rsb.info.nih.gov/ij/). Measurements of individual leaves and PM cell size. Leaves and palisade mesophyll cells were harvested and measured as described in ref. 1 . Samples were submerged in a methanol:acetic acid:water (50:10:40) fixative solution and stored at 4°C. Samples were transferred to 50% methanol and ran through an methanol:water series (50%, 40%, 30%, 20%, 10%, 0%), cleared in a chloral hydrate solution (4 g Chl, 2 mL dH 2 O, 1 mL glycerol) and mounted for visualization. Images of palisade mesophyll cell were captured using a Zeiss Axio Imager upright motorized microscope using DIC optics at 20× magnification mounted with an Axiocam camera. All palisade mesophyll images were taken at a similar location on the leaf (distal from the midpoint of the leaf and either side of the midvein). Average cell size was determined by the number of cells in a 500-μm 2 quadrant.
SA Reduction Assay-NahG Lines. The pBIN19 35S:NahG in A. tumefaciens strain LBA4404 was provided by Anna Koltunow, CSIRO Agriculture, Adelaide, Australia; construct originally obtained from the Dong laboratory (11). C24-NahG and Ler-NahG lines were generated using this construct by standard floral dip transformation method. Transformants were selected on MS agar containing kanamycin (50 mg/L). A single T2 line from C24 and Ler was selected for the further experiments based on segregation of a single insertion event, high NahG expression (qRT-PCR), and low PR1 expression (qRT-PCR). The Col-NahG line is an established 35S:NahG Columbia line originally obtained from Syngenta. Plates were subdivided so that each contained a mixture of parents and hybrid lines. SA was diluted in a minimal amount of ethanol and added to the autoclaved Gamborg's agar medium to a final concentration of 25 μM. Control plates (minus SA) were supplemented with an equivalent concentration of ethanol (0.05%). Rosette diameters were assayed at 15 DAS as described above.
Seed Yield Data. Total silique (fruit) numbers on main shoot were counted after the apical meristem terminated and the plant had senesced. Siliques positions 5-15 on the main shoot were used to calculate seed number per silique, which was used to estimate total seed counts per main shoot by extrapolating the average number of seeds per silique across all fruit produced on the main shoot.
Midparent Value Calculations for Phenotypic Traits. For phenotypic evaluations of the hybrids (e.g., pathogen infection tests, LC-MS hormone quantification, or SA/BTH application), a series of hybrid values were generated through averaging across ranked parental values (e.g., the average of the highest values from each parent produced the highest hypothetical hybrid value, and so forth down the list). These series of derived midparent values were used to compare a hypothetical (expected) hybrid against the observed sets of hybrid values. ). Other Supporting Information Files Dataset S1 (XLXS)
